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Abstract Purpose Assessment of calcium scoring
(Ca-scoring) on a 64-slice multi-detector computed
tomography (MDCT) scanner, a dual-source com-
puted tomography (DSCT) scanner and an electron
beam tomography (EBT) scanner with a moving
cardiac phantom as a function of heart rate, slice
thickness and calcium density. Methods and materi-
als Three artiﬁcial arteries with inserted calciﬁcations
of different sizes and densities were scanned at rest (0
beats per minute) and at 50–110 beats per minute
(bpm) with an interval of 10 bpm using 64-slice
MDCT, DSCT and EBT. Images were reconstructed
with a slice thickness of 0.6 and 3.0 mm. Agatston
score, volume score and equivalent mass score were
determined for each artery. A cardiac motion sus-
ceptibility (CMS) index was introduced to assess the
susceptibility of Ca-scoring to heart rate. In addition,
a difference (D) index was introduced to assess the
difference of absolute Ca-scoring on MDCT and
DSCT with EBT. Results Ca-score is relatively
constant up to 60 bpm and starts to decrease or
increase above 70 bpm, depending on scoring
method, calciﬁcation density and slice thickness.
EBT showed the least susceptibility to cardiac motion
with the smallest average CMS-index (2.5). The
average CMS-index of 64-slice MDCT (9.0) is
approximately 2.5 times the average CMS-index of
DSCT (3.6). The use of a smaller slice thickness
decreases the CMS-index for both CT-modalities.
The D-index for DSCT at 0.6 mm (53.2) is approx-
imately 30% lower than the D-index for 64-slice
MDCT at 0.6 mm (72.0). The D-indexes at 3.0 mm
are approximately equal for both modalities (96.9 and
102.0 for 64-slice MDCT and DSCT respectively).
Conclusion Ca-scoring is inﬂuenced by heart rate,
slice thickness and modality used. Ca-scoring on
DSCT is approximately 50% less susceptible to
cardiac motion as 64-slice MDCT. DSCT offers a
better approximation of absolute calcium score on
EBT than 64-slice MDCT when using a smaller slice
thickness. A smaller slice thickness reduces the
susceptibility to cardiac motion and reduces the
difference between CT-data and EBT-data. The best
approximation of EBT on CT is found for DSCT with
a slice thickness of 0.6 mm.
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The presence of calcium in coronary arteries is known
to be a strong indicator for coronary artery disease
(CAD) [1]. It has been shown that quantiﬁcation of
coronary calcium enables the assessment of cardiac
event risk stratiﬁcation [1]. In 1990, Agatston et al.
described a method which determines the amount of
coronary calcium from tomographic images [2]. This
method,knownastheAgatstonscore(AS),dependson
the area and the maximum CT density of the calciﬁ-
cation detected by electron beam tomography (EBT).
Since then, EBT is generally accepted as the gold
standard for determining the amount of coronary
calcium. Alternative scoring methods have been
proposed, such as volume scoring (VS), depending
onthevolumeofthecalciﬁcation,andequivalentmass
(EM) scoring, which depends on the volume and the
average density of the calciﬁcation [3–5].
Calcium scoring (Ca-scoring) on EBT is known to
belesssusceptibletocardiacmotioncomparedtoother
CT-modalities, because of its relatively high temporal
resolution. However, since the appearance of multi-
detector computed tomography (MDCT), scanners of
this type are also widely used for Ca-scoring as an
alternative to EBT. Although the temporal resolution
of MDCT is lower than EBT, the spatial resolution is
much higher (0.4 vs. 1.0 mm), enabling the detection
of smaller lesions. Whereas Ca-scoring on EBT can
only be used in sequential scanning mode, MDCT
facilitates Ca-scoring in sequential and spiral mode.
Spiral mode scanning has shown to decrease the
variability of Ca-scoring when compared to sequential
mode scanning [6]. With the development of dual
source computed tomography (DSCT) in 2006, CT is
ﬁnally approaching the temporal resolution of EBT
combined with a high spatial resolution [7].
InordertouseCa-scoringasausefuldiagnostictest,
itmustbedemonstratedasaccurate,clinicallyrelevant
and reproducible. Monitoring of coronary atheroscle-
rosis by repeated scans is advocated by Callister et al.
to test the response to lipid-lowering pharmacologic
therapy [8] and Budoff et al. [9] showed that statin
therapy induced a 61% reduction in coronary calcium
progressionrate.Thereforeahighlyreproduciblescan-
method independent of in-vivo conditions to test the
accuracy of Ca-scoring is desirable. In this study a
cardiac phantom was used to investigate the inﬂuence
ofcardiacmotionontheabsoluteCa-scorefordifferent
kindsofscanners.Toourknowledgenopreviousstudy
has systematically investigated the inﬂuence of the
heartrateontheabsoluteCa-scoreusingEBT,64-slice
MDCT and DSCT.
The purpose of this study was therefore to assess
Ca-scoring on 64-slice MDCT and DSCT versus EBT
on a moving cardiac phantom as a function of heart
rate, slice thickness and calciﬁcation density using 3
different Ca-scoring methods.
Methods and materials
Cardiac phantom
A moving cardiac phantom (QRM, Mo ¨hrendorf,
Germany) was used to simulate the movement of
the coronary arteries (Fig. 1, left) [7, 10]. The
phantom consists of a robot arm which performs a
pre-programmed motion (Fig. 2). The robot arm
moves in a water container inside a thorax phantom
(QRM, Mo ¨hrendorf, Germany) [11]. Different inserts
can be attached to the robot arm. The motion curves
used in this study were based on velocity curves for
the LAD given in literature in order to simulate the
human coronary motion as realistically as possible
[12]. Three different artiﬁcial arteries were investi-
gated which were custom built by QRM. The
artiﬁcial arteries were made of hydroxyapatite (HA)
Fig. 1 Left: the cardiac
phantom. Right: schematic
ﬁgure of the artiﬁcial artery,
the dimensions are given in
millimeters
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123with a diameter of 4 mm and a length of 55 mm
(Fig. 1). Each artery contained three artiﬁcial calci-
ﬁcations with a length of 10 mm, a spacing of 5 mm
and a thickness of 0.5, 1.0 and 2.0 mm, respectively.
The density of the calciﬁcations was different in each
artery, one with high density calciﬁcations (HDC),
one with medium density calciﬁcations (MDC) and
one with low density calciﬁcations (LDC). The
concentration and density of the calciﬁcations in the
three artiﬁcial atereries is given in Table 1. The
artiﬁcial artery had a density of 50 Houndsﬁeld Units
(HU), simulating human blood.
Data acquisition
The phantom was positioned at an angle of 45
degrees relative to the center axis of the scanner.
Every scan was repeated ﬁve times with a small
random translational (approximately 2 mm) and
small random rotational repositioning (approximately
2 degrees) of the phantom after each scan. The ECG
signal from the phantom was recorded during scan-
ning to enable synchronization with the scanner. The
scan parameters on the 64-slice MDCT (Somatom
Sensation 64, Siemens, Forchheim, Germany) were:
tube voltage 120 kV, tube current 250 mAs effective,
collimation 64 9 0.6 mm and rotation time 330 ms.
A DSCT (Somatom Deﬁnition, Siemens, Forchheim,
Germany) was used with similar scan parameters:
tube voltage 120 kV, tube current 100 mAs/rot
(equivalent to the tube current of 64-slice MDCT),
collimation of 64 9 0.6 mm and rotation time
330 ms. A spiral scanning mode was used on both
scanners for a better reproducibility. A standard
hospital calcium scoring protocol was used on the
EBT-scanner (e
- Speed, GE Imatron, San Francisco,
USA). This protocol uses a sequential mode with a
tube voltage of 130 kV, a tube current of 44 mAs, a
collimation of 3.0 mm and a scan speed of 50 ms.
A standard calcium scoring kernel (B35f) was used
for reconstruction of the CT-data. Images were
retrospectively reconstructed with a slice thickness
of 0.6 mm (increment 0.4 mm) and 3.0 mm (incre-
ment 3.0 mm) for both CT scanners. The phases with
minimal motion were selected from the motion
curves of the coronary arteries (Fig. 2) and used for
reconstruction of the raw data (Table 2). The data
from the EBT-scanner were reconstructed with a slice
thickness of 3.0 mm (increment 3.0 mm) at 40% of
the RR-interval with a standard calcium kernel
according to the standard calcium scoring protocol
used in our hospital.
Ca-scoring was performed on the reconstructed
image sets with commercially available software
(Syngo CaScore, Siemens, Forchheim, Germany).
Three different scoring methods were used: Agatston
scoring, volume scoring and equivalent mass scoring.
A standard scoring threshold of 130 HU was used
during the procedure. Detailed descriptions of these
scoring methods can be found extensively elsewhere
[4, 11, 13–15]. The three calciﬁcations of the arteries
could not be detected individually at higher heart
Fig. 2 Motion curve of the phantom at 70 bpm. The curve is
deﬁned by the time-deﬂection points T1–T8 and the recon-
struction intervals of the DSCT and 64-slice MDCT are
indicated by the grey areas. Other heart rates are obtained by a
time scaling of the data points. For higher heart rates
([90 bpm) the data point T5 was omitted to reﬂect the relative
larger diminishing of the diastolic phase
Table 1 The three artiﬁcial coronary arteries high, medium
and low density calciﬁcation (HDC, MDC and LDC) with the
properties of the inserted calciﬁcations as speciﬁed by the
manufacturer
Artiﬁcial artery Concentration (mgHA/cm
3) Density (g/cm
3)
HDC 796 1.58
MDC 401 1.30
LDC 197 1.16
Table 2 Phases used for reconstruction of the images in per-
centage of the beat time at different heart rates used in beats
per minute (bpm)
Heart rates (bpm) 50 60 70 80 90 100 110
64-Slice MDCT-phase (%) 76 74 60 58 56 53 51
DSCT-phase (%) 83 82 70 69 69 67 66
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123rates (at heart rates larger than 60 bpm for 64-slice
MDCT and larger than 90 bpm for DSCT) combined
with thin slices in some of the scans. Therefore the
Ca-score of the total artery was used instead of the
Ca-scores of the individual calciﬁcations.
Data analysis
Two root mean square measures were used to analyze
the scoring results. The ﬁrst measure quantiﬁes the
susceptibility of the calcium score to cardiac motion.
The second measure quantiﬁes the deviation of the
calcium score from the reference value.
We deﬁned a cardiac motion susceptibility (CMS)
index in order to assess the susceptibility to cardiac
motion of the Ca-scoring methods:
CMS ¼
1
N   1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X N
i¼1
ðx0   xiÞ
2
v u u t 1
x0
ð1Þ
in which x0 is the Ca-scoring result at 0 bpm, xi is the
scoringresultatheartrateiandNisthetotalnumberof
heart rates used. In the equation for the CMS-index a
factor1/x0isintroducedtomaketheindexindependent
of the absolute score which enables comparison of Ca-
scores obtained at different slice thicknesses and with
different scoring methods as a function of cardiac
motion. A small CMS-index is equivalent to a low
susceptibility of Ca-scores to cardiac motion.
A second measure was introduced to compare the
calcium score results of the two CT scanners to the
results of the EBT scanner. The deviation of the
calcium score on CT versus the reference value on
EBT is deﬁned using a D-index:
D ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X N
i¼1
ðyi   ziÞ
2
v u u t 1
yav
ð2Þ
in which yi is the EBT-score at heart rate i, zi is the
CT-score at heart rate i and yav is the average EBT-
score over all heart rates. The normalization factor
yav was inserted to make the D-index independent of
the absolute score and to enable comparison of D-
indexes obtained with different Ca-scoring methods
and slice thicknesses. A low D-index is equivalent to
a small difference between Ca-scores on CT and
EBT. The delta-index, as deﬁned in Eq. 2, is used to
quantify the difference in Agatston and volume
scores on CT and EBT. For these scoring methods
EBT provides the reference value. For the equivalent
mass score, however, the reference value is given by
the physical mass. The use of a phantom enables the
possibility of calculating the true amount of calcium.
Therefore the equivalent mass scoring results have
been compared to the true values instead of the EBT-
values, thus yi is the true value and zi is the CT/EBT-
score at heart rate i.
Noise levels were measured using a standard
Region of Interest (ROI) technique. The ROI was
placed in a section of a slice containing only water.
The standard deviation of the measured HU-values
within the selected ROI was considered to be a
measure for the noise level.
All measurements are considered to be normally
distributed. Mean and standard deviation (sd) are
given for each measurement.
Results
TheCa-scoringresultsofthedifferentarteriesobtained
with 64-slice MDCT, DSCT and EBT are shown in
Fig. 3 as a function of slice thickness and heart rate
using the three different scoring methods. The scoring
results are relatively constant at low heart rates (50–
60 bpm). At heart rates higher than 60 bpm, however,
the scores deviate from the values at lower heart rates
and an increase or decrease of scoring results is
observed depending on modality, slice thickness,
calciﬁcation density and scoring method.
TheresultsshowageneralunderestimationoftheCa-
score for Ca-scoringobtainedat3.0 mm slicethickness
when comparing CT-data and EBT at all heart rates
except for the Agatston and volume score of the high
density calciﬁcations at 70 and 80 bpm. In general, the
Ca-scores obtained with 0.6 mm slice thickness on CT
are overestimated compared to the EBT-data or are
similar to the EBT-data at all heart rates.
The scores obtained with EBT (squares) increased
at heart rates above 90 bpm for the artery containing
the high density calciﬁcations (Fig. 3, left column),
whereas the artery containing the medium density
calciﬁcations remained relatively constant throughout
the whole range of heart rates (Fig. 3, middle
column). The artery containing the low density
calciﬁcations showed decreased scoring results at
higher heart rates (Fig. 3, right column).
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123The 64-slice MDCT with a slice thickness of
3.0 mm (solid lines with triangles) showed increased
Ca-scores for the Agatston score at 70–90 bpm and
for the volumes score at all heart rates for the high
density calciﬁcation, whereas the equivalent mass
score showed a slight decrease. The medium and low
density calciﬁcation also showed a decrease in
scoring results at higher heart rates.
The 64-slice MDCT with a slice thickness of
0.6 mm (dotted lines with circles) showed highly
increased Ca-scores above 70 bpm for the high
density calciﬁcation for all scoring methods. This is
also seen for the medium density calciﬁcation for the
volume score, whereas the equivelnt mass and
Agatston score showed a peak in Ca-scores at
80 bpm. The low density calciﬁcation showed dimin-
ished results at higher heart rates for all scoring
methods.
The Ca-scores of the medium and low density
calciﬁcation obtained with DSCT with a slice
thickness of 3.0 mm (solid lines with triangles) were
decreased at elevated heart rates. The results of the
high density calciﬁcation were relatively constant
over the whole range of heart rates.
Finally DSCT at 0.6 mm (dotted lines with circles)
showed increased results for Agatston and volume
score of the high density calciﬁcation. The Agatston
score of the medium density calciﬁcation showed a
small decrease and relatively constant results were
observed for the equivalent mass score of the high
density calciﬁcation and volume and equivalent mass
score of the medium density calciﬁcation. Diminish-
ing results with increasing heart rate were observed
for all methods for the low density calciﬁcation.
The inﬂuence of cardiac motion on the Ca-score
(CMS-index) using the different scoring methods
is calculated using Eq. 1 and is summarized in
Fig. 4a–c for all scanners and slice thicknesses.
Looking at the results of the Agatston score, the
average CMS-index for EBT was approximately
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Fig. 3 Calcium scores as a function of heart rate in beats per
minute using 64-slice MDCT at 0.6 mm (dotted line with
circles), 64-slice MDCT at 3.0 mm (solid line with triangles),
DSCT at 0.6 mm (dotted line with circles), DSCT at 3.0 mm
(solid line with triangles), EBT (solid line with squares).
Agatston score (AS), volume score (VS) and equivalent mass
(EM) score from top to bottom; artiﬁcial arteries high density
calciﬁcation (HDC), medium density calciﬁcation (MDC) and
low density calciﬁcation (LDC) from left to right. The thick
dotted black lines in the ﬁgures in the bottom row represent the
physical amount of calcium
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123similar to the CMS-index of DSCT at 0.6 mm, which
was for its part approximately 60% smaller than the
CMS-index of 64-slice MDCT at 0.6 mm. The CMS-
index of DSCT at 3.0 mm was approximately 50%
higher than the CMS-index at 0.6 mm. The CMS-
index of 64-slice MDCT at 3.0 mm was
approximately twice as large as the index of DSCT
at 3.0 mm (Fig. 4a). The results of the susceptibility
to cardiac motion using volume and equivalent mass
score were similar to the results obtained with the
Agatston score, except for the relatively small CMS-
index for 64-slice MDCT at 0.6 mm using for
equivalent mass score. The absolute CMS-indexes
using equivalent mass were approximately 10%
lower compared to the other two methods. The
CMS-indexes averaged over scoring method, slice
thickness and calciﬁcation density were 2.5 for EBT,
3.6 for DSCT and 9.0 for 64-slice MDCT.
The difference between the scoring results using
Agatston and volume score of 64-slice MDCT and
DSCTcomparedtoEBTarecalculatedusingEq.2and
are shown in Fig. 5a–b. For Agatston score (Fig. 5a),
the best D-index was observed for DSCT with a slice
thickness of 0.6 mm (35.9 ± 10.0 averaged over all
densities).AD-indexapproximatelytwiceaslargewas
observed for 64-slice MDCT at 0.6 mm (65.7 ± 9.0
averaged over all densities). Both CT-modalities at
3.0 mm had a D-index approximately two times the D-
index of DSCT at 0.6 mm (91.0 ± 10.1 and
88.4 ± 9.1forDSCTand64-sliceMDCTrespectively
averaged over all densities). Comparable results were
observed for the volume score measurement (Fig. 5b),
although the D-indexes for the measurements at
0.6 mm were higher with the highest D-index for 64-
slice MDCT at 0.6 mm.
A D-index was calculated for all scanners com-
paring the equivalent mass results to the theoretical
true values. The results are shown in Fig. 5c. The
smallest D-index was observed for 64-slice MDCT
(55.9 ± 6.8) followed by higher indexes for DSCT
(68.3 ± 8.3) and EBT (71.3 ± 7.9) both with a slice
thickness of 0.6 mm, however the indexes of 64-slice
MDCT and DSCT and the indexes of EBT and DSCT
are within each margins of error shown by the error
bars. Both CT-modalities at 3.0 mm showed D-
indexes approximately twice as large compared to the
results at 0.6 mm (140.1 ± 7.8 and 131.1 ± 8.5 for
DSCT and 64-slice MDCT respectively averaged
over all densities).
The D-indexes were 53.2 for DSCT and 72.0 for
64-slice MDCT both with a slice thickness of 0.6 mm
averaged over the scoring methods and densities. The
D-indexes at 3.0 mm were 102.0 for DSCT and 96.9
for 64-slice MDCT averaged over the scoring meth-
ods and densities.
Fig. 4 Cardiac motion susceptibility-index (see text) deter-
mined with Agatston score (AS) (a), volume score (VS) (b)
and equivalent mass (EM) (c) score for the high, medium, low
density lesions and the average using EBT (with slice thickness
of 3.0 mm), 64-slice MDCT (with slice thickness of 3.0 and
0.6 mm) and DSCT (with slice thickness of 3.0 and 0.6 mm).
A small CMS-index represents a low susceptibility to cardiac
motion. The standard deviations of the CSM-index are
indicated by error bars. 64S = 64-slice MDCT; DS = Dual
Source CT
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123Noise levels were as follows: 64-slice MDCT
showed 36.1 ± 2.9 HU and 13.2 ± 1.2 HU for 0.6
and 3.0 mm slice thickness, respectively. DSCT
showed 43.0 ± 1.6 HU and 16.1 ± 1.0 HU for 0.6
and 3.0 mm slice thickness, respectively. EBT with a
slice thickness of 3.0 mm showed a noise level of
20.5 ± 0.8 HU. The noise did not vary at different
heart rates.
Discussion
An assessment was made of Ca-scoring on 64-slice
multi-detector computed tomography and dual-source
computed tomography versus electron beam tomog-
raphy on a moving cardiac phantom as a function of
heart rate, slice thickness and calciﬁcation density
using 3 different Ca-scoring methods. From the
results it can be concluded that the Agatston, volume
and equivalent mass scores depend on heart rate, slice
thickness and the CT-system used. Furthermore
DSCT is approximately 50% less susceptible to
cardiac motion as 64-slice MDCT in Ca-scoring.
It has been shown in previous studies that the
amount of calcium in coronary arteries is generally
underestimated in MDCT with respect to the gold
standard EBT. Stanford et al. showed an underesti-
mation of coronary calcium with 4-slice MDCT
compared to EBT [16] and the same effect was
reported by Horiguchi et al. using 16-slice MDCT
[14, 17]. Our results showed underestimation as well,
but only for 3.0 mm slice thickness, whereas 0.6 mm
showed an overestimation at all heart rates.
Surprisingly the Agatston scores of the medium
density calciﬁcation at rest using 3.0 mm slices are
different for the 64-MDCT and DSCT, while similar
scores are expected (approximately 165 for 64-slice
MDCT and 135 for DSCT). The same effect is
observed for heart rates of 50 and 60 bpm. A possible
explanation for this phenomenon lies within the
scoring algorithm of the Agatston score. For each
calciﬁcation the maximum HU value within the
calciﬁcation is obtained. Based on this maximum
value the area of the calciﬁcation is multiplied by a
weighting factor. For a maximum of more than 400
HU this factor is 4, for a maximum between 300 HU
and 400 HU this factor is 3 [2]. The medium density
calciﬁcation has a CT density of 400 HU. The
difference in scoring results can be explained by a
small difference in HU between the two scanners.
Where the maximum CT density within the medium
density calciﬁcation could be over 400 HU using the
64-slice MDCT, the maximum CT might have been
below 400 using the DSCT. If this explanation is
Fig. 5 D-index (see text) determined with Agatston score
(AS) (a), volume score (VS) (b) and equivalent mass (EM) (c)
score for the high, medium, low density lesions and the average
using 64-slice MDCT and DSCT, both with slice thicknesses of
3.0 and 0.6 mm. For Agatston and volume score, EBT has been
used as a reference value (a and b, respectively), whereas for
equivalent mass score the physical mass has been used as a
reference value (c). The equivalent mass measurement includes
the EBT as well. A small D-index represents a good
correspondence with the EBT results. 64S = 64-slice MDCT;
DS = Dual Source CT
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123applied, the score obtained using 64-slice MDCT is
more similar to the score obtained using DSCT
(165*3/4 = 124). Although the difference in HU is
very small, the weighting factor of the Agatston
algorithm can cause a large difference in scoring
result.
At heart rates above 70 bpm Agatston, volume and
equivalent mass score differ from the results at rest
and at low heart rates. This difference depends on the
density of the calciﬁcation as can be seen from Fig. 3:
calciﬁcations with a high density show elevated
scoring results, whereas low density calciﬁcations are
associated with diminished scoring results. A
decrease of Agatston and equivalent mass score on
increased heart rates using a calciﬁcation of 400 HU
has also been reported by Ulzheimer et al. using a 4-
slice MDCT in accordance with our results [11]. We
considered the inﬂuence of image blurring on the Ca-
score as a function of the calciﬁcation density in
Fig. 6 for a possible explanation for this effect. Two
calciﬁcations of identical size are shown by black
lines, one with a high density (X) and one with a low
density (Y). The corresponding apparent images at a
relatively low and high heart rate are given by the
solid grey and dotted grey line, respectively. In
addition, the default Ca-scoring threshold of 130 HU
is shown by the dotted black line. At the level of the
threshold the apparent width at high heart rates is
larger than the apparent width at low heart rates for
the high density object. The reverse effect is observed
for the low density object; at high heart rates the
apparent size is reduced compared to the apparent
size at low heart rates. From this analysis it can be
concluded that at high heart rates the apparent
volume of high density objects is increased and the
apparent volume of low density objects is decreased.
With this model we can explain the increase of
calcium score on increasing heart rate for high
density calciﬁcations, and a decrease of calcium
score on increasing heart rate for low density
calciﬁcations, as observed in Fig. 3. Decreasing
scoring results with increasing movement have
previously been reported on 4-slice CT [15].
The susceptibility of calcium score on heart rate
has been assessed by the CMS-index using the 3
different scoring methods available. The results show
that the CMS-index of EBT is the lowest for all
methods. Therefore it can be concluded that EBT is
the least susceptible to cardiac motion. The CMS-
index of DSCT is approximately half the CMS-index
of 64-slice MDCT, showing a reduction of 50% of
the inﬂuence of cardiac motion on Ca-scoring on
DSCT with respect to 64-slice MDCT. These results
can be explained with the improved temporal reso-
lution of DSCT compared to 64-slice MDCT (83 vs.
165 ms). A reduction of the slice thickness also
results in a lower CMS-index. Therefore we conclude
that the use of a small slice thickness reduces the
susceptibility to cardiac motion for both 64-slice
MDCT and DSCT.
The difference between CT-data and EBT-data has
been assessed by the D-index using the Agatston and
volume score, the equivalent mass results have been
compared to the physical amount of calcium. The
results show the lowest D-index for DSCT with a
slice thickness of 0.6 mm for Agatston and volume
score. The CT modalities at 0.6 mm and EBT showed
similar D-indexes for the approximation to the
physical mass. A reduction of the D-index was
observed comparing the two CT-modalities at
0.6 mm and 3.0 mm. The best resemblance between
EBT and CT was observed for DSCT with a slice
thickness of 0.6 mm.
The use of a smaller slice thickness has some
disadvantages although it was beneﬁcial to the
scoring results in this phantom study. The noise
measurements showed increased noise levels for the
0.6 mm slices compared to 3.0 mm slices. It is
expected that for patient scanning the noise levels at
0.6 mm are too high to guarantee a reliable outcome
of the Ca-scoring. To overcome these increased noise
Fig. 6 Theoretical estimated CT proﬁles for two objects
(black) with high (X) and low density (Y) exhibiting a
relatively low (solid grey) and high (dotted grey) movement.
The dotted black line represents the standard Ca-scoring
threshold of 130 HU
554 Int J Cardiovasc Imaging (2008) 24:547–556
123levels the tube current can be increased. However,
this increases the patient dose as well. Although dose-
reduction techniques have been investigated leading
to dose-reductions up to 57% [18–21], a good balance
between patient dose and accuracy of calcium scoring
needs to be found.
Limitations
The EBT-data acquisition of this study was per-
formed with a standard hospital protocol using a tube
voltage of 130 kV, whereas CT scanning was
performed with a tube voltage of 120 kV. Although
higher energies tend to show less density, Nelson
et al. reported very small differences between EBT at
130 kV and CT at 120 kV [22]. Therefore we expect
that the inﬂuence of the difference in tube voltage can
be neglected.
The pre-programmed movement of the calciﬁed
coronary arteries was 1-dimensional in contrast with
the in vivo situation where the motion of human
coronary arteries is 3-dimensional and the direction
and orientation of the human coronary arteries can
vary. In our study the movement of the calciﬁed
coronary arteries was in the (x,z) plane with a 45
o
angle relative to the z-direction of the scanner. We
expect that movement more perpendicular to the z-
direction of the scanner will cause more blurring in
the (x,y) plane and reduce blurring in the z-direction.
In addition, we expect that movement more parallel
to the z-direction of the scanner will be more subject
to partial volume effects when using thick slices.
Thin slices will be less subject to the PVE due to the
isotropic resolution of 0.6 mm. The motion of the
robot arm was programmed according to patient data
[11] and therefore we expect that our analysis shows
a good correspondence with a clinical situation, but a
clinical validation is advocated.
The coronary artery we used for our simulation, the
LAD, exhibits lesser motion than the LCX and
especially the RCA, which exhibits very large motion
swings especially insystole.Inourstudywe,however,
wantedtoshowtheinﬂuenceofmotiononthecoronary
calciumscoreindependentofaspeciﬁcmajorcoronary
artery. We therefore have used motion curves with
velocities similar to the LAD to simulate the motion,
because if a dependency of calcium score on coronary
motion could be proven for the lowest velocity of the
LAD, we expect an even stronger dependence for the
highervelocitiesoftheLCXandRCA.Inourstudywe
have shown that for higher heart rates the under- or
overestimation of the calcium score increases as a
function of calciﬁcation density, independently of the
absolute velocity of the artery, but depending on the
relativeheartratedifference from0 bpm.Becausethis
motion dependent effect is pronounced visible for the
relative low velocity of the LAD, we expect that the
results can also be applied to the vaster moving other
major arteries.
Conclusion
The results of Ca-scoring are inﬂuenced by heart rate,
slice thickness and modality used. DSCT is approxi-
mately50%lesssusceptibletocardiacmotionthan64-
slice MDCT using a robot phantom. Susceptibility is
further reduced with a smaller slice thickness. DSCT
gives a better approximation of the absolute calcium
score on EBT than results obtained with 64-slice
MDCTwhenusingasmallerslicethickness(0.6 mm).
The two modalities show similar results when using
largerslicethicknesses(3.0 mm).Ingeneral,theuseof
a smaller slice thickness further reduces the difference
between CT-data and EBT-data. The best approxima-
tiontothephysicalamountofcalciumwasfoundusing
a small slice thickness, where 64-slice MDCT and
DSCT show similar results. The best approximation of
Ca-scoring on EBT is observed for DSCT with a slice
thickness of 0.6 mm.
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